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This article examines land-use, market and welfare implications of lignocellulosic bioethanol 
production in Hawaiʻi to satisfy 10% and 20% of the State’s gasoline demand in line with the 
State’s ethanol blending mandate and Alternative Fuels Standard (AFS). A static computable 
general equilibrium (CGE) model is used to evaluate four alternative support mechanisms for 
bioethanol.  Namely: i) a federal blending tax credit, ii) a long-term purchase contract, iii) a state 
production subsidy financed by a lump-sum tax and iv) a state production subsidy financed by an 
ad valorem gasoline tax. We find that because Hawaii-produced bioethanol is relatively costly, 
all scenarios are welfare reducing for Hawaii residents: estimated between -0.14% and -0.32%. 
Unsurprisingly, Hawaii’s economy and its residents fair best under the federal blending tax credit 
scenario, with a positive impact to gross state product of $49 million.  Otherwise, impacts to 
gross state product are negative (up to -$63 million). We additionally find that Hawaii-based 
bioethanol is not likely to offer substantial greenhouse gas emissions savings in comparison to 
imported biofuel, and as such the policy cost per tonne of emissions displaced ranges between 
$130 to $2,100/tonne of CO2e.  The policies serve to increase the value of agricultural lands, 
where we estimate that the value of pasture land could increase as much as 150% in the 20% 
AFS scenario.  
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Government interventions in the form of mandates, subsidies and tariffs have served as major 
drivers behind the rapid growth in the global biofuels industry. The U.S. is the largest producer 
of ethanol in the world and has grown from producing 1.02 billion liters in 1980 to nearly 49 
billion liters in 2010 (Cardno Entrix, 2010). Rigorous research and development efforts are now 
being made to develop next-generation biofuels that do not compete directly with food 
production. Lignocellulose bioethanol is derived from a range of plant materials is one such 
alternative nearing commercialization. Depending on the feedstocks and conversion technologies 
chosen, second-generation bioethanol could offer a myriad of benefits such as reduced 
greenhouse gas emissions, reduced competition with food production, soil conservation, carbon 
sequestration, water quality improvement and habitat improvement (Tilman et al., 2009). The US 
Renewable Fuels Standard (RFS) now foresees that the use of biofuels could reach 136 billion 
liters by 2022 with cellulosic biofuels expected to supply 60 billion liters (National Research 
Council, 2011).  
Hawaiʻi is the most fossil fuel-dependent state within the US (Hawaii Clean Energy 
Initiative 2010).  The state has a wide array of incentives to support bioethanol, including a tax 
credit for producers, and state and county government procurement preference (United States 
Department of Energy, 2013). In 1994, the state adopted an ethanol blending mandate requiring 
the use of 10% ethanol in 85% of gasoline consumed.  The state additionally has an AFS1 goal to 
encourage bioethanol production (State of Hawaiʻi, 2010). Even with these aggressive policies, 
there is no active local production of bioethanol. A number of potential feedstock options – 
including sugarcane, banagrass, eucalyptus, and leucaena – have been evaluated for their 
technical and economic feasibility (DBEDT, 2009). Among these options, biochemical 
conversion of banagrass (Pennisetum purpureum), one of the highest yielding grass species, has 
also been identified in Hawaiʻi as a potentially promising bioethanol option due to its high yield 
and agroclimatic advantages (Black and Veatch, 2010; Tran et al., 2011). The use of banagrass 
as sources of biofuel and bioenergy has been widely evaluated in a number of countries, 
including Australia, China, Philippines, Thailand and the US (Holm 2010; Manila Times 
2011,Changsorn 2012, Jessen 2012); however, no studies have been conducted to evaluate 
macroeconomic impacts of this feedstock option as an alternative source of fuel  The present 
study therefore examines and quantifies the economy-wide impacts of this technology using 
Hawaiʻi as a case study.  
In particular, this study examines land-use, market and welfare implications of 
lignocellulosic bioethanol production in Hawaiʻi to satisfy 10% and 20% of the State’s gasoline 
demand. Four alternative support mechanisms are examined, namely: i) a federal blending tax 
credit, ii) a long-term purchase contract, iii) a state production subsidy financed by a lump-sum 
tax and iv) a state production subsidy financed by an ad valorem gasoline tax. The study finds 
that Hawaii-produced bioethanol is relatively costly, hence welfare reducing. The local residents 
fair best under the federal blending tax credit scenario, but impacts to gross state product are 
negative in the remaining cases. Hawaii-based bioethanol is unlikely to offer substantial 
greenhouse gas emissions savings in comparison to imported biofuel, and the policies serve to 
increase the value of agricultural lands.  
The remainder of the study is organized as follows: Section 2 provides a brief literature 
background regarding the macroeconomic assessment of biofuel policy. This is followed by 
                                                




section 3 on the model structure and data sources, Section 4 on the results regarding market, 
welfare, land price and GHG emissions impacts of alternative support policies. Section 5 
conducts sensitivity analyses with regards to key elasticity parameters. Section 6 provides 
discussions, and Section 7 provides the conclusion of this study.   
 
2. Literature background 
The existing literature indicates that the effects of biofuels policy are felt widely across a 
range of economic sectors including energy and agricultural markets, making the general 
equilibrium (GE) framework a preferred policy analysis tool. In particular, computable general 
equilibrium (CGE) models are widely used in assessing biofuels policy impacts,2 with market, 
welfare and land-use implications being some of the more frequently examined aspects. In a 
pioneering work examining biofuels policy impact on global land-use changes, Hertel et al. 
(2008a) evaluated the combined effects of US and European mid-term biofuels mandates up to 
2015 on global agricultural commodity output, land-cover, and welfare changes. They conclude 
that crop cover will rise substantially in Latin America, Oceania and Africa and replace 
pastureland and commercial forestland. Evaluating a longer term trend, up to the year 2100, 
Gurgel et al. (2008) estimate global land-use impacts of lignocelluloisc biofuels and conclude 
that when unrestricted land conversion is allowed (taking into account the conversion costs), an 
expansion of biofuels production leads to a substantial conversion of natural forests. When land 
cover conversion is modeled to follow observed land supply response, however, biofuels 
expansion leads to a sizable decline in pasture land. In both cases, the majority of biomass 
production takes place in the regions of Latin America and Africa. Other studies such as 
Timilsina et al. (2010), Beckman et al. (2011), and Timilsina and Mevel (2011) also conclude 
that notable land cover conversion is likely, particularly under aggressive promotion of biofuels 
consumption.  
Welfare implications of biofuels policy also differ considerably across cases, due to 
underlying assumptions regarding existing market distortions (Gitiaux et al., 2009), policy 
interactions (Kretschmer et al., 2009; Taheripour and Tyner, 2012), and the presence of tariff 
barriers (Gitiaux et al., 2009). A policy to promote locally-sourced biofuels is generally found to 
reduce welfare, because it is often a costlier alternative than fossil fuels (Kretschmer et al., 2009; 
McCullough et al., 2011; Satyakti et al., 2012; Taheripoyr and Tyner, 2012); though other 
studies suggest that alternative policy and fuel price assumptions could lead to overall welfare 
gains due to biofuel promotion (Painter et al., 2009; Gunatilake et al., 2011; McCullough et al., 
2011; Huang et al., 2012). For example, evaluating the alternative policy scenarios to promote 
bioethanol and biodiesel production in Washington State, Painter et al. (2009) conclude that 
consumer welfare, as measured by the average value of equivalent variation across all income 
categories, generally increased under the feedstock subsidies and volumetric and carbon-based 
renewable fuel subsidies, and decreased under the mandate-only, volumetric fossil fuel tax and 
carbon tax scenarios. This is plausibly because subsidies tend to lower price levels while taxes 
                                                
2 There are number of reasons why CGE has become dominant in the field of biofuels policy analysis: i) the biofuels 
industry will likely have economy-wide impacts through its forward and backward linkages; ii) the rise in biofuels 
production affects a number of key variables including direct and indirect land-uses and energy market 
compositions; and iii) the lack of time series data on biofuels production makes an alternative of econometric 




lead to higher prices, but exact price impacts of alternative policy options are unreported in their 
study. 
The existing studies using CGE suggest that fuel mandates result in upward pressure on 
market prices of agricultural goods due to biofuel and other agricultural production competing 
for similar factor inputs (Gurgel et al., 2008; Kretschmer et al., 2009; Arndt et al., 2012). Biofuel 
policy has also been found to have a mixed impact on fuel prices, as Taheripor and Tyner (2012) 
report that the US 2015 mandate of 15 billion gallons of ethanol, depending on policy 
assumptions, would either dampen the gasoline price by 1.6% or raise it by 4.3%. The market 
impacts of biofuels has been intensely debated with mixed findings, largely driven by regional 
differences and modeling assumptions.  
3. Material and Methods 
3.1. Modeling Structure  
The modeling structure and parameters are based primarily on the Hawaiʻi General Equilibrium 
Model (H-GEM) (Coffman, 2010), updated with the most recent IO table and the Applied 
Dynamic Analysis of the Global Economy (ADAGE) Model (Ross, 2008). The model consists of 
25 production sectors, a representative resident and visitor consumption sector, and a federal and 
state government sector. It includes labor, capital, and energy as sectorally mobile factors of 
production, while agricultural land is explicitly modeled as a sector-specific factor with a fixed 
level of initial endowment. 
3.1.1. Production Block 
In the base model, the production sector is divided into i) Non-Energy (i.e., agriculture, industrial, 
and commercial), ii) Petroleum (i.e., gasoline and non-gasoline), and iii) Electricity. In the 
benchmark year, the State of Hawaiʻi mandates 10% of ethanol for use in at least 85% of 
gasoline consumption, but this ethanol is imported from outside of the state. In the counter-
factual scenario of a 10% bioethanol mandate, local production of lignocellulosic ethanol will 
replace this import. In the case of a 20% mandate, local ethanol will further replace a portion of 
gasoline demand to achieve 20% of alternative fuel use.3  
Following standard CGE assumptions, the production sector includes a representative 
producer who maximizes profit subject to a given technological constraint that has constant 
returns to scale. The production function takes the form of a nested Constant Elasticity of 
Substitution (CES) function, in which domestically produced intermediate inputs, factors of 
production, and imports enter as production inputs. Domestically produced goods are then 
allocated for domestic and export consumption through a constant elasticity of transformation 
(CET) function. 
 
Insert Figure 1. 
 
                                                
3 What constitutes a ‘baseline’ scenario in the 20% mandate for Hawai’i is open to interpretation. For example, it is 
possible to assume that Hawai’i may import 20% of its bioethanol in the baseline year and locally produced 
bioethanol will replace these imports in the counterfactual scenario. While this interpretation is possible, this study 
assumes an alternative baseline, which corresponds to the existing 10% mandate being met through bioethanol 
imports, corresponding to the actual consumption and importation data in the base-year dataset. 
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Fig. 1 above shows the nested production structure of the agricultural commodity. The 
production functions make a distinction between land, material and energy inputs on the one 
hand, and capital and labor inputs on the other. Given the lack of data on detailed agricultural 
land-use, this study uses individual agricultural sector payments to the real estate sector in the 
input-output table as a proxy for land inputs in the benchmark year.4 This distinction allows the 
producer to increase agricultural output either by expanding land areas (expansive production), 
adding materials and energy such as fertilizer and fuel, and/or by adding labor and capital 
(intensive production). Existing studies such as Bouet et al. (2010) assume the substitutability of 
land and fertilizer inputs to be as low as 0.05 in the case of developing countries; however, it is 
assumed that banagrass growth under Hawaiʻi’s soil condition is more favorable as past and 
current field trials have demonstrated that banagrass yields respond favorably to irrigation and 
fertilizer application (Wilsie and Takahashi, 1934; Ogoshi, 2013).  Land and other material (e.g. 
fertilizer) and energy are thus assumed to be substitutable based on an elasticity parameter of 0.6. 
This land, material and energy composite may also be substituted with value-added based on an 
elasticity parameter of 0.6 (Ross, 2008). Substitutability of these inputs depends on many factors 
including agro-climatic conditions, and will likely affect the magnitude of policy impacts; 
therefore, sensitivity analyses will be conducted regarding these parameters. The production 
structure of other non-energy commodities is shown in Appendix A. 
The gasoline sector has a relatively rigid production technology in which material and 
energy must be used in fixed proportion while substitution of capital and labor is allowed. In the 
base-case scenario, imported ethanol enters as an intermediate input as shown in Fig. 2.  
 
Insert Figure 2. 
 
In the 10% mandate scenario, the gasoline industry will buy locally produced bioethanol 
instead of imported bioethanol, while in the 20% scenario, the industry will further replace a 
portion of its gasoline consumption. Because local bioethanol is entered as an input into gasoline 
production, bioethanol is treated as a complementary good of gasoline. Non-gasoline petroleum 
commodity production takes an identical production structure without intermediate consumption 
of bioethanol. The electricity sector production function is described in Appendix A.  
 
3.1.2. Land-Use  
Agricultural and forest lands are explicitly modeled as factors of production with a fixed level of 
initial endowment. Referring to Hertel et al. (2008b), land is allocated to each sector based on a 
CET function (Fig. 3). Land uses adopted for this study include crop land, pasture land, 
forestland and other uses (e.g., agricultural services and aquaculture). Banagrass production is 
assumed to occur in non-prime, non-unique land, based on the Agricultural Land of Importance 
to the State of Hawaiʻi (ALISH) categorization as prime and unique land is too costly for 
biofuels production and will compete with local food production (Black and Veach, 2010). Prime 
agricultural land is considered to be most suited for high value crops, including irrigated 
sugarcane, pineapple, and other orchards (e.g.,  macadamia and papaya), while the unique 
                                                
4 Since this study treats agricultural land as an endowment, other capital payments into the real estate sector are 
reduced by the equivalent value of this newly created land endowment to balance the IO table. This is of course a 
crude assumption and detailed estimation of agricultural rent based on unit rent values and existing acreage of crop 
production within the state will allow for a more accurate modeling of land-use impacts.  
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agricultural lands are areas that are primarily suited to other crops including coffee, taro, and 
non-irrigated pineapple (State of Hawaiʻi, 1977). While the non-prime, non-unique category of 
land is currently dominated by pasture-use (Melrose and Delparte, 2012), this study assumes that 
banagrass production requires an input of pasture land in the base-case.  
 
Insert Figure 3. 
 
The remaining agricultural sectors use non-pasture land for production. Crop land is used 
by the sugarcane, pineapple, orchard, and flower sectors. Forestland is used by the forestry sector, 
while other land is used by the agricultural services and aquaculture sectors respectively. A 
limitation of the CET approach to modeling land-use is that the model only constrains the rent-
weighted sum of land areas as an endowment instead of actual land areas in production (Hertel et 
al., 2008c), while important attributes of land which determine yield, such as soil characteristics 
and water availability, are not taken into account. The cross-island mobility of land is 
unconstrained.5 
3.1.3. Consumption Block 
The consumption block includes five agents consisting of a resident consumer, a visitor 
consumer, the state government, the federal government and an investment agent. A resident 
consumer is assumed to maximize his/her utility based on a nested utility function consisting of 
transport and non-transport goods that are subject to a budget constraint (Fig. 4).  
 
Insert Figure 4. 
 
The transport goods are further divided into purchased transport (i.e., water, air and ground 
transportation commodities) and private transport demand, a demand consisting primarily of 
gasoline and ethanol consumption. A representative agent has a budget constraint equal to his/her 
income based on labor, capital and land endowment as well as foreign exchange earnings from 
the balance of payment and lump-sum tax or transfer. The visitor consumer and federal 
government demands are treated as exogenous while the state government maintains a minimal 
provision of public goods and services based on a Leontief utility function. The state 
government’s budget constraint equals its general exercise tax revenue plus lump-sum 
tax/transfer and fuel tax in applicable scenarios.  
3.1.4. Market Clearing Conditions and Closure 
Under perfect competition with constant returns to scale, equilibrium is achieved when marginal 
cost of production equals its producer price. Market clearing conditions ensures that all goods 
produced in a market are consumed. Therefore, the sum of intermediate demand and final 
demand – by resident, visitor, state, federal, investment, and export – equals the sum of domestic 
supply and import of goods in each sector. All factor markets also clear so that the sum of labor, 
capital and land employed equals its respective initial endowment. The model also assumes that 
Hawaiʻi is a small economy and does not affect world commodity prices. The level of state 
                                                
5 In the context of Hawai’i, where the diverse set of soils (190 soil series in 10 out of 12 soil orders in the world are 
found locally) offers a wide range of properties and behaviors (Hue et al. 2007), and rainfall variability ranges 




government goods and services provision is assumed fixed, and the model must adjust its 
revenue through the use of endogenous taxation.  
3.2. Data 
We calibrate the model to the most recent, 2007, Hawaiʻi State Input Output Table (DBEDT, 
2011b). All price information has been converted into 2007 prices using the US Bureau of Labor 
Statistics’ consumer price index of Hawaiʻi (US Bureau of Labor Statistics, 2013). For data on 
fuel and ethanol use and production, a detailed breakdown of fuel demand is first estimated 
based on a number of sources including the State Energy Data System (EIA, 2012), agricultural 
fuel use (Schnepf, 2004), and military fuel use (Defense Logistics Agency, 2010). Bioethanol 
imports in the base-year is estimated using the State of Hawaiʻi Databook (DBEDT, 2007) and 
an average rack price of US ethanol in 2007 ($0.56/liter) is taken from Bloomberg Finance L.P. 
(2013). The base year gasoline price of $0.71/liter is taken from (EIA, 2012). Production costs of 
banagrass are estimated using sugarcane industry data available from an input-output table based 
on the following: an earlier year (Sharma et al., 1997); acreage in production available from 
(USDA, 2013); and the average difference between per acre sugarcane and banagrass production 
cost as estimated by Kinoshita et al. (1995) (see Appendix B).6 The value of each input used in 
sugarcane production is first divided by the acreage in production to yield per acre input 
requirements. These are then multiplied by a factor of 0.51 (the estimated average costs of labor, 
material and services used in banagrass production relative to sugarcane production). This study 
assumes that banagrass yields 1 plant crop followed by 5 ratoon crops which are harvested every 
8 months (Kinoshita et al., 1995), while that of sugarcane yields 1 ratoon crop. Banagrass yield 
was assumed to be 48.1 tonnes/ha/year (Tran et al., 2011).  
The production cost of lignocellulosic bioethanol is estimated using the bottom-up 
techno-economic model of Kumar and Murthy (2011) using SuperPro Designer (Intelligen, Inc., 
Scotch Plains, NJ).7 This model adopts a biochemical conversion of lignocellulosic materials 
using dilute acid pretreatment and simultaneous scarification and co-fermentation (SSCoF). The 
Kumar and Murthy (2011) model was modified to reflect local costs and feedstock choice in 
Hawaiʻi including electricity cost at $0.29/kWh (HECO, 2012), water cost at $1.60/tonne 
(Hawaiʻi Department of Water Supply, 2012), waste-water treatment cost at $5.8/1,000 liters 
(Hawaiʻi County, 2012), and operator wage at $19/hr (US Bureau of Labor Statistics, 2011). The 
composition of banagrass was taken from Takara (2012), with the carbohydrate content 
consisting of approximately 37% of cellulose and 22% hemicellulose.8 In addition, the further 
cost of running the industry (rent, insurance and other administrative costs) was estimated using 
“other manufacturing” production sectors present in the 2007 IO table.  
Finally, life-cycle emission factors for individual fuel types are taken from the 
Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) model 1 
2012 version (Argonne National Laboratory, 2012). It is assumed that the fuel mixes within 
                                                
6 At present, sugarcane production takes place on a limited scale at two firms in Hawaiʻi as of 2007. The existing 
economic feasibility studies of banagrass production are based on commercial and experimental scale operations 
which took place in the early to mid-1990s when the local sugarcane industry had a sizable production capacity. 
Given the paucity of detailed bottom-up cost estimates conducted in recent years, it was deemed appropriate to use 
an earlier IO table reported in the early to mid-1990s, which corresponds to the years in which these economic 
studies were conducted, taking into account factors such as inflation rates and changes in real prices of crude oil and 
electricity (DBEDT, 2011a). 
7 For more information on SuperPro Designer see:http://www.intelligen.com/superpro_overview.html. 
8 Regarding the detailed cost estimation methodology used in SuperPro Designer, see for example Petrides (2012). 
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sectoral energy demand (i.e., power generation fuel mix and non-gasoline fuel demand 
breakdown) remain unchanged and a blend of 26% US corn-derived ethanol and 74% Brazilian 
sugarcane-derived ethanol are used as a proxy for imported biofuel emissions intensity 
corresponding to the proportion of US and Caribbean ethanol shipped to Hawaii in 2007 (EIA 
2007). For the life-cycle GHG emissions intensity of banagrass-derived ethanol, it was assumed 
to be equivalent to that of switchgrass-derived ethanol (Argonne National Laboratory, 2012). 
 
3.3. Policy Scenarios 
As a remote chain of islands with limited indigenous sources of conventional energy, the State of 
Hawaiʻi is the most oil-dependent state within the United States. Imported fossil fuels 
(predominantly petroleum products) supply over 85% of the state’s primary energy (DBEDT, 
2011a). In 2007, the State of Hawaiʻi spent $4.67 billion on petroleum products, of which 
gasoline consumption accounted for some $1.37 billion.9 Regarding bioethanol, Hawaiʻi's 10% 
ethanol blending mandate and ethanol facility tax credit provide direct impetus for bioethanol 
development in Hawaiʻi (DBEDT, 2012). 
The simulation estimates the land-use, market and welfare implications of banagrass-
based bioethanol under eight scenarios reflecting the current and potential policy environment in 
Hawaiʻi and the U.S. in regards to bioethanol development (Table 1). There are two primary 
scenarios.  The first is that Hawaii meets 10%....  In this scenario, Hawaii-grown bioethanol 
serves to substitute existing imported ethanol. The second is that Hawaii meets 20%... In this 
scenario, Hawaii-grown bioethanol additionally substitutes wtih motor gasoline. These are 
deemed “A” and B,” respectively.  Scenarios 1A and 1B are termed “federal credit-10%” and 
“federal credit-20%” cases and assume that a federal government tax credit of $0.27/liter is 
extended to blenders, which echoes the existing cellulosic bioethanol tax credit effective until 
December 31, 2013 (Renewable Fuels Association, 2012). Scenarios 2A and 2B, termed 
“mandate only-10%” and “mandate only-20%” cases, assume that there is neither a federal 
mandate nor state-level subsidies for bioethanol production, and that local bioethanol must be 
bought based on long-term contracts between ethanol producers and blenders. Scenarios 3A and 
3B, termed “lump-sum-10%” and “lump-sum-20%” cases, assume that the state government 
extends a production subsidy to cover 30% of ethanol production costs, and that this subsidy is 
financed through a lump-sum tax on consumers. Scenarios 4A and 4B, termed “fuel tax-10%” 
and “fuel tax-20%” cases, assume that the state government extends production subsidies of 30%, 
financed through an ad valorem tax on gasoline consumption.  
 
Insert Table 1.  
4. Results 
4.1. Market Impacts 
To replace bioethanol imports of 154 million liters (10%) and further gasoline inputs of 363 
million liters (20%) respectively in the benchmark year, it is estimated that around 463,000 and 
1,090,000 tonnes of banagrass must be produced based on the conversion rate of 334 liters/dry-
tonne of biomass (Black and Veatch, 2010). Locally sourced lignocellulosic ethanol will require 
                                                




a range of inputs throughout its supply chain: feedstock production requires seedling, 
agrochemicals, fuels, other support activities and factor inputs of land, labor, and capital 
(Kinoshita et al., 1995), while ethanol processing requires inputs of feedstock, enzymes, yeast, 
acid, lime, gasoline with electricity, land, labor, and capital (Kumar and Murthy, 2011). The 
lignin-rich waste product can be recycled as a source of heat and power through technologies 
such as anaerobic digestion for biogas generation and rankine cycle for power generation. Our 
techno-economic modeling results indicate that lignocellulosic ethanol production based on 
SSCoF technology with dilute acid pretreatment of banagrass will supply around 80% of a 
plant’s power needs while the remaining power needs must be purchased from outside sources. 
Thus, the emergence of a local ethanol industry will increase demands for these commodities, 
and combined with other general equilibrium effects, this industry will stimulate the local 
economy (Table 2).  
In the benchmark year, the cost of banagrass feedstock production is estimated at 
$98/tonne while the cost of processing based on biochemical conversion is estimated at 
$0.80/liter. Local bioethanol production will thus be worth $124 million (10%) and $292 million 
(20%). The level of economic activity will be sizable as compared to the existing in-state 
agricultural production. Sugarcane production in Hawaiʻi, for example, was worth $48 million in 
2007 and generated a total of 465 and 523 wage and proprietor jobs (DBEDT, 2011b).  
 
Insert Table 2. 
 
Through a reduction in ethanol imports and increased value-added by the local ethanol 
industry along with a general decline in consumption and exports, the state’s economic outputs 
as measured in real Gross State Product (GSP) changes from -$63 million to $49 million 
depending on blending targets and the other supporting policies chosen.  Commodity prices, as 
measured in the Consumer Price Index (CPI), increase in all cases, from 0.07 to 0.38% primarily 
due to a higher domestic price of ethanol as compared to imports and additional demand for 
ethanol inputs. The GSP impact is found to be small, confirming an observation made in the 
earlier study on sugarcane-derived ethanol and its impact on Hawaiʻi’s economy (DBEDT, 2009), 
as well as those of other lignocellulosic bioethanol studies (Painter et al., 2009, McCullough et 
al., 2011). The local ethanol industry will demand a total of approximately 730 to 1,600 jobs 
with around 18% in the processing sector and 82% in the feedstock production sector, while 
other sectors will experience contraction in labor use.  
 
Insert Figures 5, 6, 7, 8.  
 
Commodity prices in all sectors are expected to increase, and impacts are particularly 
notable in the gasoline production (Fig.5). In this sector, costlier domestic bioethanol must be 
purchased as an intermediate input. The price of gasoline is expected to increase, ranging from 
0.02% (federal credit-10%) to 7.1% (mandate only-20%). The extent of changes in gasoline price 
primarily reflects the level of subsidies available and the level of blend mandate. The value of 
the animal production sector is also expected to rise due mainly to an increase in pasture land 
prices as discussed in Section 3.3. The remaining sectors experience a small increase in prices of 
less than 1%; this reflects the relatively diffuse inflationary impact on the economy.  
In terms of quantity, output for the agricultural services sector will rise notably in support 
of local banagrass production. Electricity output will also increase slightly in order to supply 
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power for feedstock production and ethanol processing. Given the general increase in commodity 
and input prices, output in other agricultural sectors will decrease slightly, and the gasoline 
sector will contract due mainly to higher gasoline prices (in the 10% scenarios) and further 
bioethanol substitution (in the 20% scenarios).  
 In response to the rising prices of domestically produced goods and a general decline in 
output, exports decline in most sectors (Fig 6). The extent of decline is most notable in the 
animal production sector, which experiences a 0.06 to 0.07% decline under the 10% mandate and 
a 0.16 to 0.18% decline under the 20% mandate – with remaining sectors experiencing still 
smaller declines, equivalent to less than 0.05% (Fig. 7). Likewise, changes in prices and output 
quantities affect imports in each sector. The impacts are notable in the agricultural services 
sector, whose imports increase by 0.81 to 0.83% under the 10% mandate and 0.17 to 0.18% 
under the 20% mandate to support local banagrass production. The gasoline sector imports, on 
the other hand, are expected decline by 0.08 to 0.10% under the 10% mandate and 0.15 to 0.20% 
under the 20% mandate due to sector contraction and replacement of bioethanol imports (Fig. 8). 
4.2. Welfare Implications 
Welfare impacts are measured in terms of the Hicksian equivalent variation. We estimate that 
locally produced lignocellulosic ethanol is a costlier alternative to imported bioethanol at present, 
and increased demand for intermediate goods created by an emerging local ethanol industry will 
drive up the cost of local goods and factors. As a result, the consumption of locally produced 
ethanol leads to a decline in the overall welfare measure. In the most relatively positive case, 
where the federal blender credit is extended for lignocellulosic ethanol blending, in-state resident 
welfare loss is estimated at -0.14% (the 10% mandate) and -0.10% (the 20% mandate). Counter-
intuitively, the welfare decline in the 10% mandate is estimated to be larger. This is due to the 
fact that the price difference between locally produced and imported bioethanol is larger than 
that between the local biofuel and imported gasoline price in the benchmark year, hence the 
replacement of import biofuels comes at a larger cost. The use of long-term contracts and a 
locally financed subsidy based on fuel taxes leads to a larger decline in welfare measures, 
estimated at -0.23% (the 10% mandate) and -0.31% (the 20% mandate). This is mainly because 
the use of long-term contracts and fuel tax will increase the cost of gasoline, The magnitudes of 
welfare loss in both cases are found to be the same. Finally, in the case where production 
subsidies are financed through a lump-sum tax, the representative agent’s welfare declines the 
most, estimated at -0.24% (the 10% mandate) and -0.32% (the 20% mandate). 
4.3. Land-Use Impacts 
The land requirement for banagrass is estimated to be approximately 9,600 ha (10%) and 22,600 
ha (20%) respectively based on a banagrass yield of 48.1 tonnes/ha/year (Tran et al., 2011). 
Under the assumption that no new agricultural areas will be cultivated, additional land needed 
for feedstock production will increase direct competition for scarce land resources. As banagrass 
production is expected to occur on non-prime, non-unique agricultural land without irrigation, 
the price of pasture land will likely rise (Table 3). With a sluggish rate of transformation between 
different agricultural land uses, local banagrass production will have a sizable impact on land 
rental values and output levels in the agricultural sector. Price effects are estimated as: for crop 
land from 0.1% to 0.9%, for forestland from 0.8% to 2.4%, for pasture land from 44% to 150%, 
and for miscellaneous land from 1.5% to 4.4%. The quantity of land demanded remains 
relatively stable, with crop land-use decreasing by up to 0.01%, forestland-use decreasing by up 
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to 0.44%, pasture-use decreasing by up to 0.01%, and miscellaneous land-use remaining virtually 
constant at 0.003%. Given that non-irrigated pasture rent is estimated to be $42/ha in 2010, 
expanded feedstock production will likely increase this rent to about $62/ha and $109/ha, which 
is still less expensive than irrigated land rent, estimated at $570/ha in the base-year.  
 
Insert Table 3. 
 
4.4. GHG Emissions Impact 
 Factors such as fuel prices, fossil fuel-use intensity in each sector, and a fuel’s unit life-cycle 
GHG emissions determine the policy impact on the state’s GHG emissions While a complete 
consequential life-cycle assessment is beyond the scope of this research, we calculate macro-
level life-cycle emissions based on quantity changes and emissions intensities (see Appendix D). 
We estimate the changes in i) gasoline sector emissions and ii) economy-wide emissions.  
In the gasoline sector, the 10% and 20% mandates are estimated to reduce GHG, in line 
with the expected changes in gasoline prices (Fig. 9). Under the 10% mandate, the fuel tax yields 
the largest reduction, estimated at 209,000 tonnes/yr (-3.7%), in which 66% is attributed to the 
gasoline sector contraction and 34% to the difference in bioethanol emissions intensity. The 
former contributes more since the additional tax depresses the demand in this sector. The 
mandate-only scenario offers the second largest reduction, estimated at 190,000 tonnes/yr (-
3.3%), in which 63% is attributed to the sector decline and 37% to bioethanol replacement since 
a higher price of gasoline depresses the demand.  
The remaining scenarios lead to smaller reduction, as the expected impacts on gasoline 
price and output are limited. In the case of a lump-sum tax, emissions decline by 120,000 
tonnes/yr (-1.9%), with 34% due to the sector decline and  66% due to bioethanol replacement. 
Under the federal tax credit, a reduction of 70,000 tonnes/yr (-1.2%) is estimated, with a decline 
of 73,000 tonnes/yr due to bioethanol replacement, and an increase of 3,600 tonnes/yr due to 
gasoline sector growth. Under the 20% mandate, the fuel tax  yields the largest reduction, 
estimated at 800,000 tonnes/yr (-14%)  with 81% due to the sector contraction and 19% to 
bioethanol replacement. 
 
Insert Figures 9 and 10. 
 
Insert Tables 4 and 5. 
  
The economy-wide emissions reduction is smaller than that of the gasoline sector, since 
an increase in motor fuel prices encourages the use of non-gasoline fuel options (Fig. 10). Under 
the 10% mandate, the fuel tax achieves the largest reduction, estimated at 160,000 tonnes of 
CO2e/yr (-0.5% of total GHG emissions). Emissions due to gasoline and aviation fuel-use is 
expected to decline (by 140,000 tonnes of CO2e/yr and 23,000 tonnes of CO2e/yr respectively), 
while those related to electricity, non-gasoline petroleum products, coal and gas increase (by 
45,000 tonnes of CO2e/yr, 30, 000 tonnes of CO2e/yr, 500 tonnes of CO2e/yr, and 44 tonnes of 
CO2e/yr respectively). The federal tax credit, on the other hand, achieves the smallest reduction, 
estimated at 20,000 tonnes of CO2e/yr (-0.06%). Under the 20% mandate, the fuel tax achieves 
the largest reduction estimated at 680,000 tonnes of CO2e/yr (-2.3%), followed by the mandate-
only scenario estimated at 650,000 tonnes of CO2e/yr (-2.2%), the lump-sum scenario estimated 
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at 508,000 tonnes of CO2/yr (-1.7%), and the federal tax credit scenario estimated at 420,000 
tonnes of CO2e/yr (-1.4%).  
Table 4 provides the unit costs of GHG emissions as measured in subsidy expenditure 
and the decline in consumer spending. In general, the economy-wide unit abatement costs are 
found to be higher than in the gasoline sector, suggesting that exclusion of general equilibrium 
effects will likely underestimate the GHG abatement cost of biofuels policy. In terms of 
economy-wide emissions, it will cost $270 to $2,100/tonne of subsidies under the 10% mandate 
and $130 to $220/tonnes under the 20% mandate. The use of locally sourced ethanol will cost 
$710 to $3020/tonnes in terms of consumer expenditure decline under the 10% mandate, and 
$104 to $270/tonnes under the 20% mandate. The unit subsidy costs estimated for this study 
appear to fall within the range of those estimated in recent literature (see Table 5), confirming 
that the costs of GHG reduction using lignocellulosic ethanol are more than an order of 
magnitude higher than the price of carbon traded in existing carbon markets.  
5. Sensitivity Analysis 
To examine the robustness of modeling results three sensitivity analyses were performed to see 
how particular assumptions on substitutability between i) land and material and energy inputs, ii) 
energy and other value-added inputs, and iii) labor and capital inputs affect simulation outputs.  
 First, the substitution parameter between the land-material-energy composite and the value-
added composite (originally set as 0.6) and that between the land and material-energy composite 
(originally set as 0.6) are gradually decreased to zero, and the following two cases were 
evaluated: i) land endowment is fixed; and ii) 50% of land needed for banagrass production 
comes from new cultivation of fallow land.  
 
Insert Figures 11 and 12. 
 
As Fig. 11 and 12 show, both elasticity parameters and land endowment assumptions 
have a large impact on land prices, especially for pasture land. Taking the federal credit scenario 
as an example, under the original assumption that land may be partially substituted by other 
material and energy inputs with substitution elasticity of 0.6, the price of pasture land increases 
by 46% (land is fixed) and 20% (50% of new land becomes available) based on the 10% 
mandate, and by 150% (land is fixed) and 51% (50% of new land) based on the 20% mandate. 
When this model assumes more rigid production technologies, however, land price increases 
sharply: 270% (land is fixed) and 97% (50% of new land) under the 10% mandate, and 1600% 
(land is fixed) and 303% (50% of new land) under the 20% mandate. Although sizable fallow 
land exists in the State of Hawaiʻi, it is unlikely that these areas will immediately become 
available for expanded use for biofuels production; thus, some form of competition may arise 
among alternative land uses, particularly in the short-run.  
Next, we change assumptions about energy and non-energy substitution 
parameters ,  from the original values to zero. Results indicate that changes in the 
energy substitution parameters had a negligible impact on energy prices while the quantity 
demanded changed slightly (Table 6). Assuming that it is possible to substitute electricity and 
non-electric sources of energy such as gasoline and other petroleum productions, this assumption 
has led to an increased use of electricity in most cases.  
 




Finally, simulations were implemented by varying the elasticity of the substitution 
parameters between capital and labor composites, originally assumed as 1 to 0 (Table 7). 
Allowing for the substitution of capital and labor, an increase in capital cost is estimated to range 
from 0.19% to 0.27% under the 10% mandate, and 0.52% to 0.71% under the 20% mandate. 
Assuming that capital and labor are not substitutable, the price of capital goods could increase 
from 0.66% to 0.78% under the 10% mandate and 1.6% to 1.8% under the 20% mandate. Labor 
prices are expected to decline further under the no-substitution cases.  
 
Insert Table 7. 
 
6. Discussion 
The results highlighted important insights regarding lignocellulosic ethanol development in 
Hawaiʻi. The estimated prices of local alternative appear competitive with a conventional ethanol 
option, with a federal tax credit of $0.27/liter or locally funded subsidies. While this is an 
encouraging result, it is important to note that techno-economic analyses of advanced fuels 
typically assume the use of mature technologies and that production incurs no additional cost as 
a pioneering plant. However, lignocellulosic conversion technologies are still in a state of 
research development and demonstration (RD&D), and the adoption at a commercial scale will 
require  initial costs of learning (Goldemberg et al., 2004). Once this experience is established, 
the locally produced alternative fuel will likely be cost competitive, especially if subsidies are 
extended by the federal government. 
Under the existing alternative fuels mandate, economy wide impacts are estimated to be 
small, confirming the findings of the existing literature (DBEDT 2009). However, because 
locally produced ethanol is a costlier alternative to an imported source, both resident and visitor 
welfare declined in all cases.  This welfare loss occurred in spite of GSP growth in three out of 
eight scenarios, and in spite of newly created employment opportunities in the ethanol industry 
in all scenarios. This asymmetry illustrates how a policy to promote local bioethanol creates both 
winners and losers. Generally, consumers bear the additional burden of costlier local production, 
making them worse off, regardless of whether local ethanol leads to an increase in overall 
economic production.  
This study also found that potential GHG reduction resulting from the use of locally 
produced ethanol will likely be small (the 10% and 20 mandates achieve up to 0.5 and 2.3 % of 
economy-wide emissions reduction). The limited reduction is due primarily to low mandated 
levels and a higher price of gasoline which encourages the use of non-gasoline fuel. The subsidy 
cost per tonne of economy-wide greenhouse gas displaced, ranging from $130 to $2,100/tonnes 
CO2e, is well above the price of carbon currently being traded, raising serious doubt as to 
whether lignocellulosic bioethanol should be promoted as a desirable GHG emissions abatement 
option on economic grounds. Promotion of locally produced biofuels must, therefore, be 
carefully examined in relation to the cost-effectiveness of alternative GHG mitigation options.  
Finally, given the relatively large land-use impacts estimated by this study, it may be 
beneficial to explore how the local bioethanol industry may be integrated with the local livestock 
production. Possible avenues for integration include: i) feedstock production: since banagrass is 
a common cattle feed in other parts of the world, it may be possible to use it as both bioethanol 
feedstock and fodder depending on their profitability; ii) waste management: the bioethanol plant 
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design adopted for this study includes an anaerobic digestion system, which may process animal 
manure for biogas production. The use of animal manure for biogas production may reduce the 
cost of livestock waste management and will mitigate local environmental nuisance associated 
with poor waste management; and iii) co-product generation: an alternative production design for 
protein-rich animal feed co-product generation from banagrass-derived bioethanol production is 
currently being evaluated (Takara and Khanal, 2011). Such a process could prove to be a viable 
option, as it integrates the bioethanol and livestock industry. The integration of these two 
industries through these avenues may alleviate direct competition for limited resources.  
6. Conclusions 
This essay developed a computable general equilibrium model for the State of Hawaiʻi, 
examining the impacts of lignocellulosic ethanol production on the local economy. Our results 
indicate that the use of banagrass-derived local ethanol to meet the 10% and 20% mandates can 
lead to both positive and negative impacts to Gross State Product, from -$63 million to $49 
million, depending on the policy instrument. However, the use of costlier local ethanol leads to a 
decline in welfare in all scenarios: resident welfare declines from 0.14% to 0.24% under the 10% 
mandate, and from 0.10% to 0.32% under the 20% mandate. Assuming that agricultural land 
endowment is fixed, an increase of 0.1% and 0.9% (cropland) 44% and 150% (pasture land), 
0.8% and 2.4% (forestland) and 1.5% and 4.4% (miscellaneous land) will occur under the 10% 
and 20% mandates respectively. Overall, lignocellulosic bioethanol is found to be a costly GHG 
abatement option as compared to the prices of carbon currently traded: to reduce one tonne of 
economy-wide GHG emissions, it will cost approximately $270 to $2,100/tonnes of subsidies 
under the 10% mandate depending on alternative scenarios, and $130 to $220/tonnes under the 
20% mandate. While the overall economic and GHG impacts at the state-level are estimated to 
be small, it is likely that location-specific impacts will be larger. Hence, further studies 
evaluating more location-specific cases will be helpful to examine the potential opportunities and 
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• Local bioethanol production replaces imported sources currently 
used to meet 10% of ethanol use in 85% of gasoline demand. The 
federal government subsidizes lignocellulosic biofuel through a tax 
credit of $0.27/liter.  
• Local bioethanol production replaces imported sources currently 
used to meet 20% of all gasoline demand. All other assumptions 








• Local bioethanol production replaces imported sources currently 
used to meet 10% of ethanol use in 85% of gasoline demand. A 
blender adopts a long-term contract with a local ethanol producer, 
which drives the consumption of local ethanol. It is assumed that 
neither federal nor state-level subsidies are extended for an ethanol 
blender, ethanol producer, or banagrass producer. 
• Local bioethanol production replaces imported sources currently 
used to meet 20% of all gasoline demand. All other assumptions 







• Local bioethanol production replaces imported sources currently 
used to meet 10% of ethanol use in 85% of gasoline demand. There 
is no federal tax credit. Instead, the state government  subsidizes 
30% of ethanol production cost. This subsidy is financed through a 
lump-sum tax on a representative household.  
• Local bioethanol production replaces imported sources currently 
used to meet 20% of all gasoline demand. All other assumptions 





     
4B (Fuel 
tax-20%) 
• Local bioethanol production replaces imported sources currently 
used to meet 10% of ethanol use in 85% of gasoline demand. There 
is no federal tax credit. Instead, the state government subsidizes 30% 
of ethanol production cost. This subsidy is financed through an 
endogenously determined ad-valorem tax on gasoline consumption. 
• Local bioethanol production replaces imported sources currently 
used to meet 20% of all gasoline demand. All other assumptions 




Table 2: Summary of Economic Impacts 
 Federal Mandate only Lump-sum Fuel tax 
 
10% 20% 10% 20% 10% 20% 10% 20% 
Nominal GSP change 
(in million $) 75 240 73 220 43 170 56 180 
%Δ 0.1 0.4 0.1 0.3 0.1 0.3 0.1 0.3 
Real GSP change 
(in million $) 13 49 -10 -5.0 -1.4 15 -36 -63 
%Δ 0.0 0.1 0.0 0.0 0.0 0.0 -0.1 -0.1 
Ethanol Joba 750 1600 730 1600 740 1600 730 1600 
Real Effective Ethanol Price ($/liter)b 0.57 0.58 0.84 0.84 0.64 0.65 0.64 0.65 
Real Motor Fuel Price* (%Δ) 0.02 0.13 3.21 7.12 0.98 2.23 1.03 1.90 
CPI (%Δ) 0.10 0.29 0.13 0.36 0.07 0.23 0.14 0.38 
Source: results from the Hawaii biofuel CGE model 
Note:  
a includes jobs in the banagrass production and ethanol processing sectors. To estimate these figures, it was assumed 
that  labor wage in the banarass sector was equivalent to an endogenously determined wage in the sugarcane sector, 
while that of ethanol processing is assumed be the same as the other manufacturing sector.  
b the price of gasoline and ethanol blend. 
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Table 3: Impact on agricultural land prices (% change in real prices) 
  Federal Mandate only Lump-sum Fuel tax 
 
10% 20% 10% 20% 10% 20% 10% 20% 
Crop (%) 0.2 0.6 0.2 0.4 0.4 0.9 0.1 0.3 
Forest (%) 0.8 2.2 1.0 1.9 1.0 2.4 0.9 1.8 
Pasture (%) 46 153 44 140 45 150 44 140 
Miscellaneous (%) 1.9 4.4 1.6 3.6 1.9 4.4 1.5 3.5 
Source: results from the Hawaii biofuel CGE model 
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Table 4: unit GHG abatement costs  
 
  Federal credit Mandate only Lump-sum Fuel tax 
Cost of CO2 mitigation ($/ton) 10% 20% 10% 20% 10% 20% 10% 20% 
Gasoline sector only 
subsidy cost per ton 590 170 n.a. n.a. 380 150 200 110 
real expenditure decline per ton 850 82 520 170 910 220 590 230 
Economy-Wide Emissions 
subsidy cost per ton 2100 220 n.a. n.a. 660 180 270 130 
real expenditure decline per ton 3020 104 710 202 1600 270 780 270 
Source: results from the Hawaii biofuel CGE model 
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Table 5: Subsidy per tonne of CO2e displaced based on existing literature 
 
Cost of CO2 mitigation ($/ton) Low High 
United States conventional 
ethanol* 295 -585 
United States cellulosic* 110 195 
European union conventional 
ethanol 590 4520 
Australia conventional ethanol 244 1679 
EU allowance (EUA) 4.15** 
California C&T, price floor 10.71  
Source: Koplow (2007), Doornbosch and Steenlik (2007), Point Carbon (2013) and California Air 
Resources Board (2013) 
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Figure A.2: Nested Structure of Electricity Production 
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Appendix B: Estimated production functions for banagrass and ethanol production 
Table B.1: Estimated Banagrass Production Cost Per Acre (in 2007 $)   
 
Sugarcane* Banagrass 
Agricultural services 222.7 114.4 
Other manufacturing 90.0 43.9 
Non-gasoline petroleum 
products 238.5 122.5 
Ground transportation 4.5 2.3 
Water transportation 2.2 1.2 
Electricity 322.4 165.6 
Rental service 29.2 15.03 
Real estate** 215.9   111.0 
Other services  40.5 20.8 
Total intermediate 1166.0 596.8 
Value added 2339.4 1202.0 
Labor income  1691.6 869.2 
Capital payment 647.8 332.9 
Imports 202.5 104.0 
Total input 3707.9 1902.8 
Note:* Sector inputs based on Sharma et al. (1997) was divided by the acreage in production based on 
USDA (2013). Prices of electricity and petroleum products are adjusted based on DBEDT (2011a). 
** Used as a proxy for agricultural land rent.***may not add up due to rounding 
 
Table B.2: Estimated Ethanol Processing Industry Inputs to Meet 10% and 20% Mandates 
(in Million 2007$) 
  10% mandate  20% mandate 
Banagrass production 45.7 107.6 
Other manufacturing 21.5 50.6 
Gasoline manufacturing 0.9 2.1 
Electricity 8.8 20.7 
Sewage and waste management services* 0.1 0.3 
Water provision* 1.1 2.6 
Water transportation 0.7 1.8 
Ground transportation 1.1 2.7 
Real estate 1.5 3.4 
Other services 1.0 2.3 
Total intermediate demand 82.5 194.1 
Value added 44.3 104.3 
Labor income 6.9 16.3 
Capital payment 37.4 88.1 
Imports - - 
Total input 126.8 298.4 
Source: Authors estimate based on Kumar and Murthy (2011) with modification and DBEDT 
(2011b).Note: *reported as ‘other utilities’ sector according to the 2007 IO table. 
***may not add up due to rounding 
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Appendix C: Estimating Gasoline and Non-Gasoline consumption by sectors.  
 
The U.S. Energy Information Administration (EIA) publishes annually the breakdown of fuel 
expenditure in each state. The fuel expenditure for petroleum resources in Hawaiʻi in 2007 was 
recorded at $4,800 million (total) with $1,400 million spent on gasoline with bioethanol and 
$3,400 million spent on non-gasoline petroleum products. According to the 2007 Hawaiʻi IO 
table, however, petroleum expenditure is recorded as $4,700 million, thus a small discrepancy 
exists. Because of this discrepancy, the following steps were taken to estimate the gasoline and 
non-gasoline portions of expenditure by sector. 
 
First, using the EIA breakdown and the total petroleum sector expenditure based on 
Hawaiʻi’s 2007 IO table, the portions of total gasoline (including bioethanol) vs. non-gasoline 
consumption were estimated. Second, for the agricultural sectors (excluding animal/fish and the 
forestry industry), it was assumed that the fuel breakdown corresponds to Schnepf (2004). The 
expenditure share for gasoline reported by Schnepf (2004) was multiplied by the total petroleum 
spending for each agricultural sector. Third, for personal consumption by resident households, a 
small portion of liquefied petroleum gas (LPG) is used while the rest of petroleum expenditure is 
used for gasoline consumption. The gasoline expenditure is estimated by subtracting the 
petroleum product expenditure from the expenditure on LPG. Fourth, for visitor expenditure, all 
petroleum expenditures were assumed to be used for gasoline consumption. Fifth, for military 
consumption, the fuel composition was estimated based on the average figure of all military fuel 
spending available from the Defense Logistics Agency (2010). Sixth, the air, water transport and 
power generation sectors were assumed to consume no gasoline. Finally, for the remaining 
sectors, this study first subtracted the sum of steps (2) to (6) above from the total gasoline 
expenditure as estimated in step (1). This difference is then allocated across all remaining sectors, 
based on their respective petroleum expenditure share. (i.e., all the remaining sectors have the 
same proportions of gasoline vs. non-gasoline consumption). 
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Appendix D: Life-Cycle GHG Emissions Calculation.  
 
For this study, the changes in life-cycle GHG emissions as a result of the mandates were 
calculated in the following manner. First, the changes in the quantity of fuel used are estimated 
based on the changes in the quantity of each sector output. To avoid double-counting, the 






  = unit life-cycle GHG emissions of gasoline 
  = unit life-cycle GHG emissions of electricity 
  = unit life-cycle GHG emissions of aviation fuel 
     = unit life-cycle GHG emissions of other petroleum fuel 
 = difference in unit life-cycle GHG emissions between imported and locally produced 
bioethanol (10% mandate); plus additional GHG difference between locally produced 
bioethanol and gasoline (20% mandate) 
  = unit life-cycle GHG emissions of industrial coal use 
  = unit life-cycle GHG emissions of natural gas 
 GSLʹ′ = changes in gasoline demand (in BTU) estimated based on the gasoline sector output 
ELEʹ′ = changes in electricity demand (in BTU) estimated using the electricity sector output 
AIRʹ′ = changes in aviation fuel demand (in BTU) estimated using the air transport sector 
output 
OTHERʹ′ = changes in other petroleum fuel demand (in BTU) estimated based on the non-
gasoline petroleum sector output (subtracting demand for gasoline, electricity and the air 
transportation sector). 
BIO = quantity of biofuels used (constant in the case of the 10% mandate, increases in the 
case of the 20% mandate) 
COALʹ′ = changes in industrial coal demand (in BTU) estimated based on the other 
manufacturing sector output 
 NGʹ′ = changes in natural gas demand (in BTU) estimated based on the gas sector output 
 
The unit life-cycle GHG emissions factors were estimated using the 2012 version of the GREET 
model (Table D1): 
 
Table D.1: Unit life-cycle GHG emissions factors 
Parameter GHG emissions (g of CO2e/btu) 
: Gasoline 0.094 
: Electricity 0.099 
: Jet Fuel 0.097 









: Coal 0.106 
: Natural Gas 0.079 
Source: Argonne National Laboratory, 2012 
 
